Introduction
The ultimate bearing capacity of foundations is commonly estimated based on the assumption that the soil is isotropic with respect to shear strength. However, clay strata are usually deposited and consolidated under onedimensional conditions, and hence most naturally occurring clays are inherently anisotropic (Ward et al., 1965; Bishop, 1966 There have been several attempts pertaining to the evaluation of the bearing capacity of footings on cohesive soils that took into account anisotropy in shear strength. Using the limit equilibrium approach and assuming a circular failure surface, Menzies (1976) presented a correction factor for the influence of strength anisotropy on the predicted bearing capacity. Employing the method of limit equilibrium, Reddy and Srinivasan (1967) adopted a circular failure mechanism for the analysis of bearing capacity of footings over soils with non-homogeneous and anisotropic strength. The parameters describing the geometry of the mechanism were varied, and the results were presented in the form of dimensionless design charts. Adopting the same circular failure mechanism, but using the upper bound approach of limit analysis, Chen (1975) presented solution that agreed with the previously obtained Reddy and Srinivasan (1967) limit equilibrium method solution. Although the use of the circular mechanism presumably simplifies the mathematical analysis, this mode of failure does not provide the best solution. Davis and Christian (1971) presented solution for the bearing capacity of anisotropic clays by use of the slipline method. A correction coefficient for the bearing capacity factor was presented in a graphical form as a function of the soil strength parameters. Assuming a failure mechanism similar to Prandtl-type mechanism, but with varying boundary wedge angles, Reddy and Rao (1981) used the upper bound approach of limit analysis for the evaluation of bearing capacity for anisotropic and nonhomogeneous clays. Although the solution is rigorous within the concept of limit analysis, however the derived expression is exceedingly cumbersome and the least upper bound could only be obtained numerically by a process of trial-and-error (heuristically) (Drucker et al., 1952) Casagrande and Carillo (1944) 
Method of analysis
With the advent of powerful computers and the development of modern computational methods the ability to analyze problems has, for the first time, outstripped our ability to describe the material (Drucker, 1991 (Chen and Davidson, 1973; Florkiewicz, 1989; Michalowski, 1997; Ukritchon et al., 1998, Kumar and Kouzer, 2007; Kumar and Kouzer, 2008a; Kumar and Khatri, 2011) lateral earth pressure problems (Chen and Rosenfarb, 1973) , stability of slopes (Chen and Giger, 1971; Izbicki, 1981) , and vertical cuts (Drescher, 1983; Su et al., 1998; Kumar and Kouzer, 2008b) . The theory provides upper and lower bounds that serve to bracket the limit load for rigid-perfectly plastic materials, and computations of the two bounds is generally referred to as limit analysis (Chen, 1975) . Contrary to the kinematic approach which has been used so successfully, the lower bound has been less frequently applied to geotechnical engineering problems. This is because it is considerably more difficult to construct a good statically admissible stress field than it is to construct a good kinematically admissible failure mechanism (Sloan, 1988 (Chen, 1975 
Modified hill-type mechanism
The first failure mechanism considered is shown in Figure 1a . Figure 1a is shown in Figure 1b . Using geometric relations on the velocity diagram shown in Figure 1b, 
where C un , l n , V n , δWn are the undrained shear strength, length, velocity, and incremental energy dissipation along the slip surface n, respectively. Casagrande and Carillo (1944) (Bishop, 1966; Menzies, 1976; Livneh and Komornik, 1967) , however Equation 2 has been the basis for almost all subsequent work in spite of the fact that it was originally suggested as a working hypothesis without experimental justification (Davis, 1971) . Figure 2 shows the directional variation of shear strength. The strengths C uv and C uh are called the principal strengths (Lo, 1965) and the ratio C uh /C uv is denoted by k and termed the degree of undrained anisotropy (Menzies, 1976) , coefficient of anisotropy (Reddy and Srinivasan, 1967) , anisotropy index (Livneh and Komornik, 1967) , or degree of anisotropy (Lo, 1965 
It is assumed in this study that the strength in any direction in the vertical-horizontal plane is expressed in terms of the strength in the principal direction according to the functional relationship proposed by
Values of k ranging from about 0.6 to 1.3 have been reported by Lo (1965) , with the value of k greater than 1 obtained mostly in the case of overconsolidated clays. Davis and Christian (1971) Lee and Rowe (1989) 
The length L (DE) is from Figure 
Figure 2. (a) Definition of strength variation with direction of major principal stress; (b) Variation of strength in vertical-
horizontal plane (After Lo, 1965) The rate of energy dissipation along the discontinuity curve CD is calculated by multiplying the differential area rdθ by undrained shear strength C ui given from Equation 3, times the velocity jump vector across the line whose magnitude is equal to V f /sin β, and integrating over the whole surface, or [ ]
The radius of the slip fan, r = (B/2)sin β, for any point on the failure surface CD the inclination angle i (CD) is equal to π/2-β+θ-ψ Substituting the values for r and angle i (CD) into Equation 6 ad integrating gives
The rate of energy dissipation in the radial shear zone BCD is given by multiplying the length of the radial line by the undrained shear strength along the line times the velocity jump vector across the line which is equal to V f /sin β, and integrating over the angle α+β, or
Substituting into Equation 8 the value of r and that of C ui(BCD) as obtained from Equation 3 with i
The rate of external work done by the foundation load P u is given by
Combining Equations 4, 5, 7, and 9 , and multiplying by two for both sides of the mechanism, gives the total rates of internal energy dissipation. Equating the total rate of internal energy dissipation thus obtained to the rate of external work, the upper bound for the foundation load, P u , is expressed as
To get the least upper bound requires minimization of P u with respect to angles β and α, or
From Equations 11 and 12, and after algebraic manipulation and simplification, we have 
Translational Mechanism
The second mechanism considered consists, as shown in Figure 3a , of sliding blocks separated by internal planar rupture surfaces. It approximates the modified Hilltype mechanism (Figure 1a) , where the slip fan or shear zone region BCD in Figure 1a is replaced with the rigid block BCD in Figure 3a . Therefore, no deformation takes place within the region BCD, and for the entire mechanism the power is dissipated solely at the interfaces between adjacent blocks, which constitute velocity discontinuities. Since the mechanism is symmetrical about the axis of the footing, it is only necessary to consider the movement on the right-hand side of Figure 3a 
Instead of using the angles η and ζ shown in Figure  3a and Figure 3b, Accordingly, from Equations 1 and 3 one gets 
It is noted from Equation 23 that the length h is function only of the footing width and hence the lateral extent of the failure mechanism is independent of the degree of soil anisotropy. Setting k =1, from Equation 22, d/B = ( )
which is exactly the value obtained by Chen (1975) Figure 3a is given by Figure 6 and Figure 7, Figure 8 and Figure 9 for the modified Hill-type mechanism and translational mechanism, respectively. However, the change in downward intrusion when k value increased was larger for the translational mechanism than for the modified Hill-type mechanism.
for the case of soils with isotropic shear strength. Substituting Equations 22 and 23 into Equation 20, the least upper bound obtained for the translational mechanism of

Results and discussion
The relationship between the degree of anisotropy k and each of the angle β found from Equation 13b and the depth d obtained from Equation 22 is shown in
It is also noticed from Figure 6 that for k ranging from 0.5 to 2 the angle β lies in a narrow range of about 41° -48 Lo (1965) indicated that the angle ψ is almost constant irrespective of the direction in which the sample has been taken, and hence independent of the angle of rotation of the major principal stress. Furthermore, results of undrained tests presented by Lo (1965) and Law and Lo (1976) Therefore, it is shown herein that the least bearing capacity of footings on isotropic soils obtained from the modified Hill-type mechanism (Figure 1a) is when the angles α and β in Figure 1a are 
Comparative Study Irrespective of the degree of soil anisotropy, Equation 29 provides upper-bound values that are less than the corresponding values obtained from the translational mechanism (i.e. Equation 25) and only slightly higher than the values provided by the exact solution (i.e. Equation 15), and hence this formula is exclusively used in subsequent discussions.
A comparison of the bearing capacity factor a cH N with perhaps the most widely known solutions for bearing capacity on anisotropic clays is given in Table 2 . Because the solution of Reddy and Rao (1981) Reddy and Srinivasan (1967) and Reddy and Rao (1981) .
The solution provided by Reddy and Srinivasan (1967) was obtained from the limit equilibrium method assuming a rotational failure mechanism. It can be seen from Table 2 that, irrespective of degree of soil anisotropy, the solution by Reddy and Srinivasan (1967) yielded higher values for the bearing capacity factor as compared to the results of the presented analysis. The difference between the two solutions ranges from about 3% to 9%, for k = 0.5 and k = 1.25, respectively. This is to be expected in view of the fact that the rotational mechanism is commonly known not to render the least upper bound for the bearing capacity problem. Therefore, the discrepancy between the presented solution and that of Reddy and Srinivasan (1967) is attributed not to the method of analysis but rather to the different postulated failure mechanisms. In fact, as stated at the outset of this paper, Chen (1975) solved the same problem using the kinematical approach of limit analysis and the results agreed with the Reddy and Srinivasan (1967) Reddy and Rao (1981) used the kinematic approach of limit analysis and adopted Prandtl-type failure mechanism. It is seen from Table 2 that for degree of anisotropy less than one, the presented solution overpredicted the Reddy and Rao (1981) Reddy and Rao (1981) solution is expected to consistently increase with increasing k value. In addition, although the Reddy and Rao (1981) Davis and Christian (1971) (After Davis and Christian, 1971) As far as the locus of strength is assumed to be represented by Equation 3, the change in the b/a ratio with k is, as shown in Figure 12, Davis and Christians (1971) yield identical expressions for the anisotropic bearing capacity factor, provided that in the Davis and Christian (1971) solution, either the angular variation of shear strength is defined as in Figure 11 but the b/a ratio is set equal to 1, or alternatively the Casagrande and Carillo (1944) Geometric parameter ψ:
Summary and conclusions
Angle between major principal stress and failure plane
